Over 50 years of in-depth biochemical, genetic, and structural analyses have yielded a significant body of information on polypeptides and cofactors involved in photosynthesis (1, 2) . Crystal structures now exist for the four major protein complexes involved in light-driven electron transport and ATP generation; these include photosystem II (PSII) 3 (3) (4) (5) , the cytochrome b 6 f complex (6, 7), photosystem I (PSI) (8) , and the ATP synthase (9 -11) . However, there are still major gaps in our understanding of photosynthesis, especially with respect to the biogenesis of the photosynthetic complexes, regulatory processes that control individual activities critical for photosynthesis and the ways in which these regulatory processes are impacted by environmental conditions. Currently, there are ongoing attempts to identify novel genes involved in the regulation of photosynthesis. These efforts have most frequently relied on forward genetic screens (12) and expression studies (13) . However, the use of informatic resources may also facilitate identification of key activities and novel components that impact photosynthetic processes. Clues concerning the physiological roles of specific proteins have been gleaned from the presence of targeting sequences that route these proteins to specific subcellular sites, tissue-and development-specific patterns of gene expression, and the ways in which environmental conditions impact expression patterns. Many proteins associated with photosynthetic functions are expressed at high levels in plant leaves, are targeted to chloroplasts, and may be up-regulated under conditions that favor increased photosynthetic activity. However, there are many exceptions to some or all of these criteria. For example, proteins essential for regulating expression of genes encoding key photosynthetic components and integrating photosynthetic activity with other cellular processes may not necessarily be targeted to chloroplasts. Furthermore, some photosynthetic constituents may be required at near constant levels under most conditions, and thus, their expression patterns may not be informative.
A novel approach to identify proteins important for photosynthetic function exploits the wealth of available sequence information and comparative genomic analyses. Proteins potentially involved in plastid-specific processes can be identified based on their presence in a diverse group of photosynthetic organisms and their absence in heterotrophic organisms. The inventory of proteins present in green-lineage eukaryotic organisms, but not present in nonphotosynthetic organisms, was only first determined in 2007, at which time it was designated the GreenCut (14) , and then subsequently refined (15) ; prior to this time, the number of plant genomes available had been limited. The most recent comparative genomic analysis (15) identified 597 proteins that were present in plants and green algae (based on mutual best BLAST hits and similarity criteria) but were not identified in bacteria, archaea, fungi, and mammals. Of these 597 proteins, 311 were not assigned a biological function, although multiple bioinformatic techniques were used to probe their importance in plant-specific processes. Sequence motifs, identified by BLAST analyses, had been associated with 231 of these GreenCut "unknowns." This information along with assignments of subcellular location, coexpression analysis, and transcript abundance information from both Arabidopsis thaliana and Chlamydomonas reinhardtii (Arabidopsis and Chlamydomonas throughout) have resulted in hypotheses concerning potential functions of some of these proteins (15) ; testing such hypotheses requires extensive experimentation.
Many of the GreenCut proteins may not be directly involved in catalytic aspects of photosynthetic function, and some may not participate in photosynthetic processes at all, but they may be critical for plant-specific regulatory or signaling activities and/or maintenance of chloroplast structure and function. To discover those GreenCut proteins that were most likely involved in photosynthesis, we identified proteins present in the GreenCut that were also present in red algae, diatoms, and at least 36 of 37 cyanobacterial species of diverse morphologies and different niche specificities (15) . This assemblage, represented by 68 polypeptides, is hypothesized to harbor those proteins that were present in the cyanobacterial progenitor of the modern-day plastid (15) . In addition, it is likely that these proteins function in processes shared by all oxygenic photoautotrophs (e.g. photosynthesis). This group of 68 proteins contains 27 with unknown functions, but many have conserved domains with predicted activities. One protein in this group with no predicted function is CPLD38. Because this protein is present in the GreenCut (14, 15) , is predicted to be targeted to the chloroplast (16) ), is shown to be retained in thylakoid extracts (17) , and is encoded by a gene adjacent to ndhL (18) in cyanobacteria, we hypothesized that it is important for photosynthetic function. Furthermore, a strain previously identified with an insertion in the CPLD38 gene (12) allowed us to characterize the phenotype of a cpld38 mutant; we expected the analysis of the mutant to provide information about novel photosynthetic processes and to help assess the validity of the use of bioinformatic approaches. This study describes the characterization of the cpld38 mutant. Based on our analyses, this thylakoid protein appears to be essential for proper photosynthetic function. Although the mutant cells have a reduction in chlorophyll and the major photosynthetic complexes (ϳ50% of wild-type (WT) levels of PSI and PSII), the cytochrome b 6 f complex is reduced well below the levels of the other complexes. The absence of the CPLD38 protein appears to impact the specific activity of the cytochrome b 6 f complex, the stability of the individual subunits of the complex, and the levels of transcripts for the nucleus-encoded subunits of the complex. In addition, PTOX2 and NDA2 proteins, which are involved in chlororespiration, are up-regulated ϳ5-fold in the cpld38 mutant. Experimental analyses also indicate an accelerated rate of chlororespiration in the mutant strain.
EXPERIMENTAL PROCEDURES
Mutant Generation and Complementation-The cpld38 mutant (strain CAL026.02.10) was generated by insertional mutagenesis as part of a screen to discover novel genes involved in photosynthesis (12) . This mutant proved to require a fixed carbon source (acetate-requiring or ac-) for growth and to be sensitive to moderate/high light (Ͼ100 mol photon m Ϫ2 s Ϫ1 ). To complement the cpld38 mutant, the WT CPLD38 gene was amplified from Chlamydomonas genomic DNA (strain D66 ϩ ; CC4425), and the amplification product was purified (Qiagen catalog no. 28704). The primers used for amplification of the genomic sequence annealed to regions ϳ1,000 bp upstream of the CPLD38 transcription start site (5Ј-GGGCCTGCGCGTT-TTGACAG-3Ј) and 400 bp downstream of the 3Ј-UTR (5Ј-CCGTTGCACACGACACTTCACTG-3Ј). The amplification product contains the native promoter, the complete gene sequence with introns, and the native 3Ј-UTR. For transformation of the cpld38 strain, mutant cells were grown in TAP medium to early exponential phase (1 ϫ 10 6 cells ml Ϫ1 ) and collected by centrifugation at room temperature at 3,500 ϫ g for 10 min, and the cell pellet was resuspended in TAP medium containing 40 mM sucrose (TAP ϩ sucrose) to a final cell concentration of 1 ϫ 10 8 cells ml Ϫ1 . The CPLD38 PCR product (200 ng) plus 2 g of salmon sperm DNA and 150 ng of the AphVIII gene under the control of the RBCSII promoter (19) was incubated with cpld38 cells for 20 min. The cells were then electroporated at 0.9 kV/25 microfarad capacitance and immediately diluted in 5 ml of TAP ϩ sucrose medium. The electroporated cultures were incubated overnight in the dark with gentle agitation, then spread on solid minimal medium containing 5 g ml Ϫ1 paromomycin, and placed in the light (40 mol photons m Ϫ2 s Ϫ1 ). After a week of growth at low light, the plates were moved to relatively high light (300 mol photons m Ϫ2 s
Ϫ1
) and incubated for an additional 7 days; only transformants harboring the introduced CPLD38 gene were able to grow under the high light conditions.
Cell Counts, Chlorophyll, P700, and Cytochrome f Determinations-To reduce cell aggregation in the various algal strains for cell counting, cultures were pelleted by centrifugation (3,500 ϫ g) and incubated for 30 min at room temperature with autolysin (kindly provided by M. Aksoy) before analysis. Chlorophyll concentrations were determined following extraction of the pigments in methanol as described previously (20) . In brief, cells were pelleted at 10,000 ϫ g for 2 min, and the resulting pellet was resuspended in 1 ml of 100% methanol (vortexing was used to resuspend the pellet) and then placed in the dark (tubes were wrapped in aluminum foil). After incubating the sample in the dark at room temperature for 5 min, the cellular debris was pelleted by centrifugation at full speed in a microcentrifuge (21,000 ϫ g) for 5 min. To determine total chlorophyll in the sample, the absorbance of the extract was quantified at 652 and 665 nm, and the absorbance values were used in Equation 1.
total Chl ͑g/ml͒ ϭ 22.12 A 652 ϩ 2.71 A 665 (Eq. 1) P700 and cytochrome f concentrations were determined in whole cells following a 20-min incubation with 1 mM methyl viologen and 5 M 2,5-dibromo-3-methyl-6-isopropylbenzoquinone using a JTS-10 spectrophotometer (BioLogic, France). For quantification of P700, optical changes were monitored at 705 nm during a brief period of illumination. The molar extinction coefficient used in this analysis for P700 ϩ (50,000 M Ϫ1 cm Ϫ1 ) was estimated from a previous report (21) . Cytochrome f was determined from the optical absorption change at 554 nm with respect to a base line drawn from optical absorption changes at 546 and 573 nm. The molar extinction coefficient used in this analysis for cytochrome f, 18,000 M Ϫ1 cm Ϫ1 , was taken from a previous report (22) .
In Vivo Measurement of PSII Activity-Chlorophyll fluorescence was analyzed using a Walz Dual-PAM-100 fluorometer on the "light curve" setting. Various parameters were determined during a stepped illumination regime; samples were illuminated for 30 s at each step followed by a saturating light pulse. Individual samples were analyzed in triplicate (technical replicates), with each sample being tested on at least three separate occasions (biological replicates). The ⌽PSII value, which reflects the yield of PSII at different light intensities, was derived from Equation 2 (23, 24) .
In Vivo Measurements of P700 Redox State-The oxidation rate of P700 was determined using a JTS-10 spectrophotometer. To assess the pool of electron donors to PSI, cells were incubated with 3-(3,4-dichlorophenyl)-1-1-dimethylurea (10 M) and hydroxylamine (1 mM) to completely block PSII activity, and optical changes at 705 nm were monitored following saturating flashes of light from an Nd:YAG laser.
Cytochrome b 6 f Complex and ATP Synthase ActivitiesSpectroscopic measurements using the JTS-10 spectrophotometer allowed us to monitor the activities of the cytochrome b 6 f complex and ATP synthase. To quantify charge separation that occurs as a consequence of cytochrome b 6 f complex activity, whole cells were treated with 3-(3,4-dichlorophenyl)-1-1-dimethylurea (DCMU) and hydroxylamine, which block PSII activity, left in the dark for 30 min (moderately reducing conditions), and then excited with a single flash from an Nd:YAG laser. The extent of charge separation in the cytochrome b 6 f complex can be inferred indirectly through the electrogenicity change, which is monitored as a change in absorbance at 520 nm. To quantify cytochrome b 6 f complex activity, cells were pelleted by centrifugation (3,200 ϫ g) at room temperature and resuspended in 20 mM HEPES (pH 7.5). Cells were broken by bead beating and analyzed for cytochrome b 6 f activity using a previously published protocol (25) .
To quantify proton movement through the ATP synthase complex, cells were shaken vigorously to ensure aerobic conditions and then excited with a single flash from an Nd:YAG laser. The decay of the signal that appears at 520 nm following this excitation is indicative of the translocation of protons associated with ATP synthase function.
Measurements of Chlororespiratory Electron Flow-Chlororespiration was measured according to previously published protocols (26, 27) . In brief, samples were incubated in 0.9 M sucrose and then illuminated for 3 s at 165 mol photons m Ϫ2 s Ϫ1 in a JTS-10 spectrophotometer. Fluorescence induction curves were then recorded after the cells were maintained in the dark for various times. The size of the oxidized plastoquinone pool was estimated by determining the area over the fluorescence rise curves. The area corresponding to 1 electron was determined by following a fluorescence rise curve in the presence of DCMU for 200 ms.
SDS-PAGE, Immunoblot Analysis, and Heme Staining-For immunoblot analysis, Chlamydomonas cells were collected in exponential phase by centrifugation (3,500 ϫ g, 5 min) and resuspended in protein extraction buffer (100 mM Na 2 CO 3 , 100 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM ␣-amino-n-caproic acid, and 1 mM benzamidine HCl). Samples were aliquoted, flash-frozen, and stored at Ϫ80°C until use. Prior to electrophoresis, samples were thawed, and the SDS and sucrose concentrations were increased to 2 and 12%, respectively. After boiling for 1 min, cellular debris was removed by centrifugation at 21,000 ϫ g for 2 min at 4°C. Solubilized polypeptides were resolved by SDS-PAGE on a 15% polyacrylamide gel (1 h, 125 V constant voltage) using the Laemmli buffer system (28) and then transferred from the gel to polyvinylidene difluoride membranes and probed with specific antibodies as described previously (29) . Briefly, the blots were blocked in 5% milk in Tris-buffered saline solution (TBS) with 0.1% Tween 20 prior to a 1-h incubation with the primary antibodies (in TBS and 0.1% Tween 20) . All primary antibodies were used at a dilution of 1:10,000. All primary antibodies were purchased from Agrisera except ␣-tubulin, which was purchased from Sigma (T5168) Horseradish peroxidase-conjugated anti-rabbit IgG (Promega, Madison, WI), at a 1:10,000 dilution, was used as the secondary antibody. Peroxidase activity was detected by an enhanced chemiluminescence assay (GE Healthcare). Relative protein levels were quantified using ImageJ.
Heme staining was performed according to a previously published protocol with some modifications (30) . In brief, cultures were grown to exponential phase and pelleted by centrifugation at 3,500 ϫ g for 10 min. Samples were prepared as described above and resolved by SDS-PAGE, and the polyacrylamide gels with the resolved proteins were incubated in the dark at room temperature in a staining solution (30% methanol, 2.6 mM 3,3Ј,5,5Ј-tetramethylbenzidine, and 175 mM NaOAc (pH 5.0)) for 50 min. To develop the heme signal, 750 l of 30% H 2 O 2 was added to the sample, and after 15 min at room temperature, the gel was incubated overnight in the dark at 4°C.
RNA Isolation and Quantification-Cells were harvested in exponential phase and pelleted by centrifugation at 4°C at 3,500 ϫ g for 10 min; the resulting pellet was flash-frozen in liquid nitrogen and stored at Ϫ80°C. Pellets were dissolved in RNA-free lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 15 mM EDTA, and 2% SDS (w/v)) and extracted with RNase-free phenol/chloroform (phenol was equilibrated in sodium citrate (pH 4.0)). The phases were separated by centrifugation (10,000 ϫ g for 10 min) in baked glass centrifuge tubes (Corex tubes, Corning Inc., Corning, NY). Three additional phenol/ chloroform extractions were performed, followed by two chloroform extractions. After the final chloroform extraction, the RNA solution was precipitated overnight at Ϫ20°C following the addition of 2 volumes of ethanol. The precipitate was collected by centrifugation (10,000 ϫ g at 4°C) for 30 min, and the pelleted RNA was washed with 70% ethanol and then resuspended in sterile H 2 O. LiCl was added to the RNA solution to a final concentration of 4 M, and the RNA was allowed to precipitate overnight at 4°C. The precipitate was collected by centrifugation (10,000 ϫ g for 30 min at 4°C) and then washed with 70% ethanol. Once again, the pelleted RNA was resuspended in sterile water, and all contaminating DNA was degraded with RNase-free DNase (Qiagen catalog no. 79254). The purity of the final RNA was evaluated on a formaldehyde-agarose gel (RNeasy mini-handbook).
Quantification of Specific Transcripts-First-strand cDNA was synthesized from 0.5 g of total RNA using oligo(dT) [12] [13] [14] [15] [16] [17] [18] for priming the SuperScript III reverse transcriptase reaction, as described in the manual (Invitrogen). RT-quantitative PCR was performed with a LightCycler 480 (Roche Applied Science). PCRs, in a final volume of 20 l, contained 10 l of LightCycler 480 SYBR Green Master Mix (Qiagen, Frederick, MD), 5 l of a 1:20 cDNA dilution, 400 nM of each primer, and distilled water to make up the remainder of the 20-l volume. Conditions used for amplification in the thermocycler were as follows: preincubation at 95°C for 5 min, followed by 50 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, elongation at 72°C for 20 s, and measurement of fluorescence after 80°C for 5 s (the last step was incorporated into the protocol to avoid background signals resulting from the formation of primer dimers). A melt-curve analysis program (60 -99°C, heating rate of 2.2°C/s, with florescence measurements every 0.2 s) was used to evaluate the specificity of the amplification reactions. All reactions were performed in triplicate (technical replicates) with at least two biological replicates. Two genetically different complemented strains (cpld38-CPLD38_1 and cpld38-CPLD38_2) were used as biological replicates to demonstrate transcript accumulation in the rescued strains. The CBLP gene was used as a housekeeping gene control (31) . Transcript abundances were evaluated using the ⌬⌬C t method, with all reactions assumed to be operating at 100% efficiency (32) . The primer pairs used for RT-quantitative PCR analysis were as follows: 5Ј-CTTCTCGCCCATGAC-CAC-3Ј and 5Ј-CCCACCAGGTTGTTCTTCAG-3Ј for CBLP; 5Ј-GCTACGGTGCCTTCTTCGTGCC-3Ј and 5Ј-TTCTCG-GCCGCCACCCAAG-3Ј for PETC; 5Ј-ACCGCCGGCCAG-AAGGCTG-3Ј and 5Ј-CAACCAGAGACTCCACGCGCA-3Ј for PETM; 5-ACCCACGTGAGGCTAATGGTCG-3Ј and 5Ј-GGAACGCGATCTGGTGGTGCTA-3Јfor petA; 5Ј-CGTTC-AATTCACCGTTGGTCAGC-3Ј and 5Ј-ACCAACACCTGG-GATTGCATCAG-3Ј for petB; 5Ј-GCGCCAGGCGGTG-AAGGTC-3Ј and 5Ј-AGCGGCCCCAGACCACCAG-3Ј for PETN; and 5Ј-ACTACCAGCGCCACAGCCC-3Ј and 5Ј-GCT-AGGCAGTAAAATGGCGACCG-3Јfor CPLD38.
RESULTS
Bioinformatic Analyses-The CPLD38 protein was originally identified as a member of the PlastidCut, which contains orthologs in green lineage organisms, red algae, and diatoms (14) . This protein has a predicted N-terminal transit peptide (16, 33) followed by a signal sequence, two predicted transmembrane domains, and a conserved domain of unknown function (Fig. 1A) . Based on previous proteomic analyses (17, 34) , CPLD38 was determined to be localized to thylakoid membranes in Arabidopsis. The N-terminal transit peptide and signal sequence are predicted to be removed as the protein becomes localized to its site of function, although this will require experimental validation (53) . The conserved coiled-coil domain at the C terminus of CPLD38 is rich in acidic amino acids; it contains nine glutamate and two aspartate residues. A complete sequence of the CPLD38 protein, with the C-terminal glutamate and aspartate residues indicated with an asterisk, is given in supplemental Fig. S1 .
We observed that the CPLD38 protein is encoded by at least 29 fully sequenced cyanobacterial genomes (35) ; genes encoding the CPLD38 ortholog in some of these cyanobacteria and the immediately adjacent genes are presented in supplemental Table S1 . In 97% of the cyanobacterial genomes analyzed, the cyanobacterial orthologs are in close proximity to ndhL (in some genomes this gene is designated ictA or hypothetical protein). In 80% of the cyanobacterial genomes analyzed, it is also in close proximity to trpA (Fig. 1B and supplemental Table S1 ). The protein product of ndhL is an essential component of the NDH complex. In cyanobacteria, this complex is involved in respiration, cyclic electron flow around PSI, and the transport of inorganic carbon (36) . Chlamydomonas does not have this complex in the chloroplast, although it does have type II NDH proteins that contribute to cyclic electron transport (37, 38) . The trpA gene encodes the ␣ subunit of the enzyme tryptophan synthase, which catalyzes the second to last step of tryptophan biosynthesis (39) . The CPLD38 orthologous gene in cyanobacteria likely forms an operon with both ndhL and trpA because these genes cluster together, are closely spaced in numerous cyanobacterial genomes, and their respective locations in those clusters are conserved. In addition, there is no obvious promoter region immediately preceding either trpA or the CPLD38 ortholog. Therefore, it is reasonable to hypothesize that the putative cyanobacterial CPLD38 genes are co-expressed with ndhL and trpA.
The pattern of expression of the CPLD38 ortholog in Arabidopsis is generally similar to that of genes encoding proteins that function in chloroplasts except, compared with some of the other transcripts for proteins involved in photosynthesis, the level of the CPLD38 transcript is high in seeds relative to roots. This is shown in the tissue-specific transcript profile of CPLD38 compared with that of PSBO (Fig. 1C) , a component of the PSII-associated O 2 -evolving complex, in Arabidopsis. The expression patterns of five other genes encoding proteins associated with photosynthetic activities are presented in supplemental Fig. S2 ; the ATPG transcript has a pattern most similar to that of CPLD38. Additionally, this pattern of gene expression is very different from that observed for most other genes, including At5g57815, which encodes subunit VIb of cytochrome oxidase (Fig. 1C) . The finding that CPLD38 has a tissuespecific transcript profile similar to other genes known to play crucial roles in photosynthesis suggests that CPLD38 has an undetermined activity associated with the function/biogenesis of photosynthetic complexes or chloroplasts (or potentially other plant-specific processes that predominantly occur in photosynthetic tissue).
Growth/Pigmentation Phenotype and ComplementationThe cpld38 mutant was identified in a forward screen for mutants defective in photosynthesis, pigment accumulation, and/or light sensitivity (12) . The mutants were generated by random insertion of the ble gene (for Zeocin or bleomycin resistance) into the Chlamydomonas genome. Because of the large number of mutants acquired in this screen and the possibility of multiple insertions and secondary lesions, we filtered the collection for mutants with disruptions in genes encoding GreenCut proteins (15) and targeted those mutants for additional analyses. Based on TAIL PCR (6, 40) , the cpld38 mutant was found to have an insertion in the first exon of the gene ( Fig.  2A) , which is very likely to result in a null phenotype. A study of the growth properties of this mutant was performed in the presence and absence of a fixed carbon source (TAP medium and minimal medium, respectively). As shown in Fig. 2B , the cpld38 mutant exhibited very little growth on minimal medium; some growth may occur at low light intensities (e.g. 10 mol photons m Ϫ2 s Ϫ1 ; this is the same as 10 microeinsteins in Fig. 2B ). When the strain is grown on solid TAP medium at low light intensities, its growth is comparable with that of WT cells (Fig. 2C,   FIGURE 1 . Features of the CPLD38 protein and CPLD38 gene and expression of CPLD38 transcript. A, domains of CPLD38 showing the putative transit peptide and signal sequence (Sig Seq), two transmembrane helices (Trans Helix), and a conserved domain of unknown function. The numbering of the first and last amino acids of each domain is indicated above the domains. B, structure of the cyanobacterial operon containing the gene encoding the CPLD38 ortholog (cce_2129 in Cyanothece sp. ATCC 51142) (28) . A similar operon structure was identified in 29 of the 30 cyanobacterial genomes analyzed. C, expression pattern of the Arabidopsis CPLD38 ortholog (At3g17930) in the various tissue types of Arabidopsis compared with the expression of genes encoding a protein involved in PSII (PSBO) and respiratory (At5g57815, cytochrome c oxidase subunit VIb) functions.
-20 E).
However, it shows signs of chlorosis and death with increased levels of irradiation. At 30 mol photons m Ϫ2 s Ϫ1 , the colony size of the mutant was slightly decreased relative to that of WT cells, whereas at 100 mol photons m Ϫ2 s Ϫ1 , the mutant displayed marked chlorosis, with clearing in the central part of the colony. These results suggest that the cpld38 mutant has some deficiency in photosynthetic electron flow that markedly slows the rate of carbon fixation, making the growth of the cells acetate-dependent. In addition, this deficiency causes cell death even under mixotrophic conditions at high light intensities, indicating a potential block in photosynthetic electron flow that may result in the accumulation of reactive oxidative species. Reactive oxidative species can cause severe damage to many cellular constituents, including the components of photosynthetic electron transport. This potential block also appears to affect accumulation of chlorophyll as the cpld38 mutant has a 57% decrease in total chlorophyll/cell content (Table 1 ). This observation suggests that the mutant may have an overall reduction in components of the photosynthetic apparatus.
To determine the genetic basis for its phenotypes, the cpld38 mutant was crossed to WT cells. The acetate-requiring and high light-sensitive phenotypes co-segregated as a 2:2 pattern in each of 16 tetrads that were analyzed from the third backcross of the mutant to the parental WT strain. These results demonstrated that the observed phenotypes are the consequence of a single nuclear mutation. PCR analysis of each of these 16 tetrads demonstrated that the insertion (illustrated for tetrads 1 and 2 in supplemental Fig. S3 ) co-segregated with an aberrant fluorescence phenotype (2:2 segregation); the mutant has much lower ⌽PSII (described below). These results indicate that the phenotype is closely linked to the ble insertion. To further show that the growth phenotype is a direct consequence of the ble insertion, we co-transformed cpld38 with a WT copy of the CPLD38 gene along with the paromomycin resistance cassette (AphVIII gene). The presence of the CPLD38 transcript in transformants (three different transformants with a rescued growth phenotype) was verified by RT-PCR (supplemental Fig.  S4 ). The cpld38 mutant harboring a second normal copy of CPLD38 was able to grow on minimal medium at light intensities above 30 mol photons m Ϫ2 s Ϫ1 , although at higher intensities the rescued strain grew somewhat more slowly than WT cells (Fig. 2B ). In addition, on TAP medium the rescued strain showed no chlorosis at any of the light intensities tested (Fig.  2C ) and had a chlorophyll/cell ratio that was statistically similar to that of WT cells (Table 1 ). These data suggest that the mutant has been rescued for its inability to grow in the absence of fixed carbon and partially rescued for light sensitivity; although the rescued strain appears to show some light sensitivity under photoautotrophic conditions, it does not display light sensitivity in the presence of acetate (at light intensities of up to 300 mol photons m Ϫ2 s Ϫ1 ). Analysis of the Photosynthetic Reaction Centers-To further characterize the phenotype of the mutant, photosynthetic electron flow was assayed by spectroscopic and fluorescent assays. The efficiency of PSII (⌽PSII) as measured by modulated chlorophyll fluorescence indicated that the plastoquinone pool was significantly more reduced in cpld38 than in either WT cells or the rescued strains at irradiances exceeding 50 mol photons m Ϫ2 s Ϫ1 (Fig. 3A) . However, the quantum yield of PSII after a dark incubation, or F V /F M (Fig. 3A, and Table 1 ), was approximately equal for the WT and cpld38 mutant, suggesting that PSII is not impaired in the mutant and that the decrease in electron transport is a consequence of an aberration downstream of PSII. In addition, as shown in Fig. 3B , P700 oxidized at a far more rapid rate in the mutant than in the WT or complemented strains in the presence of DCMU and hydroxylamine; this likely reflects diminished availability of electrons at the donor side of PSI. Direct examination of PSI activity showed that the complex present in the membranes had activity similar to that of WT cells (Table 1) , indicating the decrease in electron flow through the complex in the mutant is a consequence of an aberration upstream of PSI. Together, the data indicate that a dominant feature of the mutant strain is a marked reduction in the flow of electrons between PSII and PSI.
PSI/PSII ratios were also measured in the mutant and WT strains to ensure that differences in the electron transport rates determined by fluorescence and P700 oxidation kinetics were not a consequence of aberrant stoichiometries of the photosynthetic reaction centers (Table 1) . Although this measurement S3) . B and C, WT cells, cpld38, and the cpld38-CPLD38_1 rescued mutant were grown to exponential phase in TAP medium and then diluted to 1 ϫ 10 5 cells ml
Ϫ1
. Five l of culture was spotted onto solid (1.5% agar), minimal (B), or TAP (C) medium. Cultures were grown at the light intensities indicated for either 10 days (minimal medium) or 7 days (TAP medium). The designation E is equivalent to mol photons m Ϫ2 s Ϫ1 . MARCH 8, 2013 • VOLUME 288 • NUMBER 10
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indicated that the cpld38 mutant had a slightly increased level of PSI relative to PSII (16%) compared with WT cells, it is unlikely that this increase would account for the dramatic changes observed in Fig. 3, A and B . When normalized to chlorophyll, the mutant had a similar [P700 ϩ ] compared with the WT strain, further indicating that the in vivo differences in P700 oxidation kinetics are likely due to a difference in electron flow; electrons from PSII were not efficiently transferred to PSI. In accord with the chlorophyll/cell ratio for the cpld38 mutant and WT cells, the total amount of the PSI subunit PSAD, determined by Western blot analyses, appeared to be significantly decreased in the cpld38 mutant (Fig. 4) . However, the ratio of PSAD to the chlorophyll concentration was similar in mutant and WT cells (Fig. 5) , which is in agreement with what was determined for [P700 ϩ ] in the cpld38 mutant. A similar situation was observed with respect to the level of PSII proteins. For example, Western blots showed that there was a significant reduction in the levels of CP47 (PsbB) and PSBQ compared with the WT when normalized by cell number (Fig. 4) , but when samples were normalized to chlorophyll, the mutant showed a less dramatic change in the PsbB polypeptide content (Fig. 5) . All of the findings presented above strongly indicate that the levels of PSII and PSI are reduced in the cpld38 mutant relative to WT cells, although based on total chlorophyll content the differences in activities, stoichiometries, and amounts of the photosynthetic proteins between mutant and WT cells are small.
Analysis of the Cytochrome b 6 f Complex-Because the ratios of reaction center to chlorophyll appeared similar in WT and the cpld38 mutant, it seemed unlikely that a defect in these complexes caused the observed mutant phenotype. Therefore, the decrease in electron flow to PSI in the mutant is likely a consequence of a deficiency in plastocyanin or the cytochrome b 6 f complex; such a defect reduces the rate at which electrons reach P700 from PSII. To measure the activity of the cytochrome b 6 f complex, samples were incubated under moderately reducing conditions with DCMU and hydroxylamine to block PSII activity and were excited with a single turnover saturating light pulse. Following this pulse, optical changes at 520 nm were monitored to detect the light-induced electrochromic shift of carotenoids. This optical signal reflects the electrochemical potential across the thylakoid membrane that is generated by the activity of the cytochrome b 6 f complex and PSI. As shown in Fig. 6 , there was a large increase in absorbance at 520 nm in WT cells that occurs 0 -20 ms following the saturating pulse. The initial and very rapid rise in absorbance (occurring within 1 ms) was a consequence of PSI activity (because DCMU and hydroxylamine were blocking any contribution from PSII). The slower rise, observed between 1 and 20 ms, was a consequence of proton and electron transport within the 
. Cells were illuminated with actinic light at intensities indicated on the x axis for 1 min. B, rate of P700 ϩ oxidation. Lower values on the y axis represent a greater proportion of oxidized P700. The inhibitors of PSII, DCMU, and hydroxylamine were added at concentrations of 10 M and 1 mM, respectively. For all experiments, values on the y axis are the average of three measurements (technical replicates). Experiments were repeated with a biological replicate (data not shown), which gave nearly identical results. Error bars in A represent the standard deviation. Errors bars are not shown in B, but each data point in the displayed figure does not deviate from any of the individual replicates by more than 5% of the maximum value.
cytochrome b 6 f complex (41) . The signal was normalized to the initial and very rapid PSI-dependent rise in all samples analyzed (Fig. 6) . The electrogenicity attributable to cytochrome b 6 f turnover was extremely low in the cpld38 mutant relative to WT cells, suggesting that the activity of the cytochrome b 6 f complex is severely compromised in the mutant strain, either because it is not functioning properly and/or it does not readily acquire electrons when there is no contribution from PSII (electrons would have to come from cyclic electron flow and reductant in the stroma). This effect was mostly mitigated in the rescued strain, where the slower component of the 520 nm signal appeared to be mostly re-established.
To determine whether the cytochrome b 6 f complex in the mutant was also impaired under steady-state conditions, the complex was measured in continuous illumination in the presence of duroquinone (25, 42) . In this assay (performed with broken cells in the presence of DCMU), duroquinone reduces the cytochrome b 6 f complex directly (25) . When illuminated, electrons are transported to PSI through plastocyanin and ultimately to the artificial electron acceptor methyl viologen. Methyl viologen reduces O 2 to O 2 Ϫ (which can then form H 2 O 2 ), a reaction that can be monitored as O 2 uptake by a Clark-type oxygen electrode (43) . These measurements show that there is an 89% decrease in cytochrome b 6 f complex activity in the mutant strain (Table 1) .
It is possible (although not likely) that the defect in cytochrome b 6 f function is simply a secondary effect of lowered ATP synthase activity or altered plastocyanin/cytochrome c 6 levels. Experiments measuring the proton translocation through the ATP synthase complex and electron transport from luminal donors to P700 ϩ both indicated that these aspects of the photosynthetic apparatus are unimpaired (supplemental Figs. S5 and S6 ).
Immunoblots were performed to evaluate the levels of three subunits of the cytochrome b 6 f complex (PetA, PetB, and PetC) in WT cells and the cpld38 mutant. Fig. 4 shows that the levels of PetA (cytochrome f), PetB (cytochrome b 6 ), and PETC (Rieske iron-sulfur protein) were significantly reduced in cpld38 relative to WT cells. There was also a decrease in the levels of these subunits in the mutant compared with the WT strain when the samples were normalized to chlorophyll concentrations (Fig. 5) . However, when normalized to chlorophyll, the amount of PetA accumulates to a somewhat lower level (less Approximately 1 g of chlorophyll was loaded for each sample analyzed by Western blotting, whereasϳ30 g of chlorophyll was loaded for each sample analyzed for heme-containing polypeptides. The LHCBM1 protein was used as a loading control. MARCH 8, 2013 • VOLUME 288 • NUMBER 10
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than 25%) than the amount of PetB and PetC (ϳ50%). Considering that these three subunits accumulate to stoichiometric levels in the complex (44, 45) , this observation is unusual. A quantification of light-oxidizable cytochrome f in the cpld38 mutant showed a decrease that is more in accord with the amounts of PetB and PetC, decreasing to 42% based on chlorophyll levels (Table 1 ). Heme staining also showed an amount of cytochrome f and cytochrome b 6 that was more similar to the levels of PetB and PetC than PetA (Fig. 5) . One possible explanation for this effect could include the turnover of the subunits of the complex at slightly different rates due to oxidative stress caused by singlet oxygen formed by PSII. This hypothesis seems to be supported by the observation that the level of PetA is closer to PetB when cpld38 is grown in very low light (2 microeinsteins, supplemental Fig. S7 ).
Turnover and Transcript Analysis of Subunits of the Cytochrome b 6 f Complex-A possible explanation for the decreased activity and lowered accumulation of cytochrome b 6 f complex could be improper assembly of the subunits of the complex. A defect in the native structure may be sensed and the complex degraded. To examine the stability of the polypeptide components of the complex, the rate of turnover of individual subunits of the cytochrome b 6 f complex was measured in Chlamydomonas cells following treatment of the cultures with chloramphenicol, an inhibitor of translation on chloroplast 70 S ribosomes (46) . The decay of PsbA, which has a well characterized degradation pattern, was monitored in this experiment to ensure that the chloramphenicol was inhibiting chloroplast protein synthesis; its rate of degradation was the same in WT and cpld38 mutant cells, as shown in Fig. 7 . Furthermore, although there was little degradation of PetA (cytochrome f) and PetB (cytochrome b 6 ) subunits in WT cells over the course of the 6-h incubation in the presence of chloramphenicol, there was a marked reduction in the level of these polypeptides in the mutant strain. As shown in Fig. 7 , there was a rapid decline in the level of PetA and PetB polypeptides even just 2 h after adding the translational inhibitor, with a nearly complete loss of the polypeptides after ϳ6 h. These results demonstrate that the steady-state level of the cytochrome b 6 f complex is lower in mutant cells most likely because the polypeptides of the complex are destabilized.
It is possible that CPLD38 plays a role in accumulation of transcripts encoding subunits of the cytochrome b 6 f complex. To test this possibility, petA, petB, PETC, PETM, and PETN expressions were compared in the WT, cpld38, and rescued cpld38-CPLD38 strains. As shown in Fig. 8 , the levels of the three nucleus-encoded transcripts (PETC, PETM, and PETN) were lower in the cpld38 mutant by ϳ5-fold. This reduction in transcript abundance could at least in part be responsible for decreased accumulation of cytochrome b 6 f subunits in the mutant, along with the more rapid turnover of the individual subunits of the complex. Therefore, the loss of CPLD38 results in both altered biogenesis of the cytochrome b 6 f complex as well as altered regulation of the nuclear genes encoding the subunits of the complex; this control of gene expression can be either a direct or indirect consequence of the primary lesion.
One condition that causes degradation of the cytochrome b 6 f complex and a decrease in accumulation of PETC, PETM, and PETN polypeptides in Chlamydomonas is nitrogen starvation (47, 48) . To ensure that the mutant was not limited for nitrogen, transcripts encoding nitrate and nitrite reductase were analyzed and found to be unchanged in the cpld38 mutant (data not shown); these transcripts increase in abundance during nitrogen starvation.
Analysis of Chlororespiratory Proteins and Activity-Although many photosynthetic proteins were decreased in the cpld38 mutant, some proteins involved in chlororespiration were increased. As can be seen in Fig. 5 , both the levels of NDA2 and PTOX2 were elevated in the cpld38 mutant. This increase in protein levels is not likely due to decreases in cytochrome b 6 f complex as mutants lacking this complex have no change in the levels of these polypeptides (26) .
To determine whether PTOX2 and NDA2 activities are accelerated in the mutant strain, chlororespiration was meas-FIGURE 6. Measurements of cytochrome b 6 f complex activity by monitoring electrochromic absorption changes at 520 nm. Cells were incubated under moderately reducing conditions (unperturbed for 30 min in dark) to reduce cytochrome b h . Following this incubation, samples were excited with a saturating light pulse from an Nd:YAG laser to induce a single electron turnover. The PSII inhibitors DCMU and hydroxylamine were added at concentrations of 10 M and 1 mM, respectively. The increase in absorption observed in the first 20 ms (excluding the value at time 0) corresponds to a charge separation within the cytochrome b 6 f complex. The traces are the average of three replicates with each data point in the displayed figure not deviating from any of the individual replicates by more than 5% of the maximum value. Samples were taken for measurement when the strains were in their exponential growth phase in low light (40 mol photons m Ϫ2 s
Ϫ1
) on TAP media with moderate shaking (150 rpm). ured after exposing the cells to osmotic shock (26) . In these experiments, Chlamydomonas cells were treated with 0.9 M sucrose. The resulting osmotic shock inhibits electron flow from the cytochrome b 6 f complex to PSI (49) . Once this inhibition was achieved, cells were illuminated to reduce the entire plastoquinone pool. Following this illumination, reoxidation of the pool (via the enzyme designated the Plastoquinol Terminal Oxidase, PTOX) was evaluated for the periods of time indicated on the x axis. The rate at which the plastoquinol pool is oxidized was determined by integrating the area above a subsequent fluorescence induction curve (the area corresponding to 1 electron was determined using an induction curve generated in the presence of DCMU). This analysis demonstrated that the plastoquinol pool is oxidized at a significantly faster rate in the cpld38 mutant relative to WT cells (Fig. 9) . The rate of PTOXcatalyzed plastoquinol oxidation determined from this experiment was 4.80 Ϯ 0.30 e Ϫ s Ϫ1 PSII Ϫ1 for the mutant, ϳ2.5 times faster than the rate determined for the WT (1.85 Ϯ 0.32 e Ϫ s Ϫ1 PSII Ϫ1 ). This increased rate of re-oxidation, coupled with the increase in PTOX2 and NDA2 proteins, suggests a metabolic shift in the chloroplast that favors electron flow through chlororespiration in the mutant strain.
DISCUSSION
Many tools are available that provide novel insights into the biological role of genes that encode proteins of unknown function. Two techniques that have been used in photosynthetic organisms to identify genes involved in photosynthesis are forward genetics and expression analysis. Both of these approaches have noteworthy drawbacks. In some cases, mutations generated in a forward genetic screen are not linked to the insertion of the antibiotic resistance cartridge (selectable marker), making the mapping of these alterations difficult, and subtle phenotypic effects may go unnoticed. In addition, differential expression analyses will not provide clues to the functions of constitutively expressed genes. The use of comparative genomics approaches offers a distinct approach to identify novel genes that are essential for photosynthesis, and in combination with the aforementioned techniques, it can provide new insights into the activity, assembly, and regulation of the photosynthetic apparatus.
A comparative genomic analysis led to the identification of proteins, designated GreenCut proteins, potentially associated with chloroplast function, biogenesis, and regulation. Combined with previous -omics studies and physiological and biochemical analyses, we are gaining insights into potential functions of many of the GreenCut proteins, including CPLD38. CPLD38 was previously determined to be localized to thylakoid membranes, and it is predicted to contain two putative transmembrane domains and a C-terminal conserved domain of unknown function. In addition, the CPLD38 orthologous gene was found across a diverse group of cyanobacterial species to be in a putative operon that contains one gene encoding a protein that has been associated with photosynthetic/respiratory electron flow and a second gene whose protein product is likely involved in amino acid biosynthesis; these genes are designated ndhL and trpA, respectively. Additionally, tissue-specific expression data indicate that the CPLD38 transcript is present in photosynthetic tissue as well as in some nonphotosynthetic tissue (seeds). Despite these interesting findings, both genetic and biochemical approaches are required to determine the function of CPLD38.
A forward genetic screen identified a cpld38 mutant of Chlamydomonas. This mutant was impaired in growth under photoautotrophic conditions (12) , but the linkage between the interruption of this gene and the aberrant phenotype had not been established. We focused our attention on characterization of the cpld38 mutant. Spectroscopic, genetic, and biochemical data support the idea that CPLD38 is critical to sustain photosynthetic function. The cpld38 mutant of Chlamydomonas is light-sensitive and acetate-requiring, even at relatively low light intensities, and it has lower chlorophyll content per cell than the WT strain. The lower chlorophyll reflects reduced levels of PSI and PSII (by about 50%), but the photosystems that are present appear to be functioning properly as determined by biochemical, fluorescent, and spectroscopic measurements. However, both fluorescence and spectroscopic analyses indicate that the mutant has a severe block in linear electron flow. Based on analysis of the functions of the photosystems, the block was hypothesized to be in the intersystem electron transport chain. There are two electron transport complexes that could have been responsible for the electron transport phenotype of cpld38; these are plastocyanin and the cytochrome b 6 f complex. Detailed spectroscopic analysis has indicated that the mutant is not defective in the donation of electrons by plastocyanin to PSI. Secondary effects caused by an aberrant ATP synthase complex were also deemed unlikely due to the unaltered flow of protons through that complex. Hence, it became most likely that the absence of CPLD38 caused an alteration in cytochrome b 6 f function. Immunological and spectroscopic data indicated that the cpld38 mutant has reduced levels of PetA, PetB, and PETC and photooxidizable cytochrome f when normalized to the WT levels on a chlorophyll basis. Based on the PetB, PetC, and photooxidizable cytochrome f, the level of cytochrome b 6 f complex/chlorophyll is 40 -50% that of the WT. However PetA, as detected by Western blot analysis, accumulated to a lower level (as low as 10 -20%). As shown above, these subunits of the cytochrome b 6 f complex were degraded by the cell at an enhanced rate, and this degradation or a separate chemical modification could lead to a less immunodetectable PetA polypeptide. It seems unlikely that this protein accumulates to a level significantly less than PetB and PetC as these three protein subunits have been previously found to accumulate to stoichiometric levels (44, 45) . Furthermore, the mutant has a marked defect in the electrochromic shift following a single turnover flash, which is dependent on a charge separation within the cytochrome b 6 f complex. Steady-state measurements of cytochrome b 6 f complex activity also showed a marked decrease in enzymatic function. These results suggest the cytochrome b 6 f complex in the mutant strain is synthesized and integrates into the thylakoid membranes, but it is not functioning properly and is rapidly degraded.
A recent publication on a cpld38 mutant in Arabidopsis (called DAC) showed some of the same characteristics that we have presented (50) . In both Arabidopsis and Chlamydomonas mutants, the amounts of PSI and PSII are decreased by ϳ50%, and the amount of cytochrome b 6 f complex is decreased by ϳ85%. In addition, both fluorescence and P700 oxidation data indicate a block in electron flow downstream of PSII and upstream of PSI. However, there are also some differences in the results obtained for the Chlamydomonas and Arabidopsis mutants. In Arabidopsis, the cytochrome b 6 f complex does not appear to be degraded at an accelerated rate in the DAC mutant in the presence of lincomycin. Based on this finding, the lowered accumulation of radiolabeled PetA and PetD was attributed to decreased biosynthetic capabilities (50) . In contrast, the cytochrome b 6 f complex is turned over very rapidly in the cpld38 mutant in Chlamydomonas. Degradation of these subunits would likely be attributed to protein instability. Our spectroscopic and biochemical results support the concept that the cytochrome b 6 f complex is unstable in the mutant strain. Additionally, in the DAC mutant there appears to be no change in the levels of nuclear transcripts that encode cytochrome b 6 f complex subunits, whereas a 5-fold decrease in nuclear transcripts encoding cytochrome b 6 f subunits (PETC, PETM, and PETN) was observed in the corresponding mutant in Chlamydomonas. It is possible that these significant discrepancies are accounted for by differences in the physiology of Chlamydomonas and Arabidopsis. Interestingly, nitrogen limitation also causes accelerated degradation of the cytochrome b 6 f complex (47) , reduction in the levels of the PETC, PETM, and PETN transcripts (48) , and up-regulation in PTOX and NDA2 4 in Chlamydomonas. Therefore, a conserved mechanism activated during nitrogen deprivation may become active in the cpld38 mutant; this hypothesis could be validated by further experimentation. Xiao et al. (50) also demonstrated that the DAC protein was present in chloroplasts and interacts with PetD, based on yeast two-hybrid screens and pulldown analyses. These observations support the hypothesis that the DAC protein is involved in the biosynthesis of the cytochrome b 6 f complex; however, our additional findings make it unclear whether "assembly" of the complex is a primary role of CPLD38. Alternatively, the interaction of CPLD38 with the cytochrome b 6 f complex could modulate the role of the complex in linear and cyclic electron flow with the concomitant regulation of chlororespiratory processes. PTOX2 and NDA2 are markedly elevated in the cpld38 mutant. These increases, coupled with an ϳ2.5-fold increase in the chlororespiration rate, demonstrate that the lack of CPLD38 has elicited a strong metabolic shift in chloroplast metabolism. This shift causes an increase in chlororespiration at the expense of photosynthesis. Based on this shift, we suggest that CPLD38 is potentially a regulatory factor that is associated with the cytochrome b 6 f complex that modulates the ratio of electron flow between photosynthesis and chlororespiration. This shift is unlikely to be caused by the absence of the cytochrome b 6 f complex, as previous analyses have shown that Chlamydomonas strains lacking this complex do not have more chlororespiration (26) . However, this shift likely causes the light sensitivity and photosynthetic deficiencies observed in the mutant phenotype as it appears to decrease the content of the cytochrome b 6 f complex. Mutants in both Arabidopsis and Chlamydomonas having reduced amount of this complex share this phenotype (51, 52) . It is less clear if the increase in chlororespiration contributes to the growth phenotypes, although it would seem unlikely considering the aforementioned mutants. It is possible that these proteins act as a switch that downregulates multiple photosynthetic processes in the cell; however, this hypothesis requires rigorous experimentation.
A role of CPLD38 in the regulation of photosynthesis/chlororespiration could help explain the coupling of the CPLD38 gene with ndhL in an operon that appears to have been conserved through evolutionary time (occurring in nearly all cyanobacterial genomes analyzed). Co-transcription of ndhL and CPLD38 could be important for maintaining the ratios between respiratory, linear, and cyclic photosynthetic electron flow. In both respiratory and cyclic electron flow, the NDH complex reduces the quinone pool with reduced nicotine adenine dinucleotides generated through the oxidation of various metabolites. CPLD38 would serve as a lever that controls whether the reducing equivalents entering the chloroplast through the NDH complex (or NDA2 in Chlamydomonas) are used to reduce PSI or oxygen (through PTOX). However, based on the mutant phenotype, the loss of CPLD38 would have to also impact the stability of the cytochrome b 6 f complex, which can be linked to its association with the complex, as determined by Xiao et al. (50) . The finding that the trpA gene is also part of the cpld38-ndhL operon in many cyanobacteria is perplexing given our current knowledge of the functions of the encoded proteins. However, it is not unreasonable to conjecture that these affiliations could represent a completely unexplained aspect of photosynthetic/respiratory processes and potentially the integration of the biogenesis/degradation of various metabolic complexes (a major nitrogen sink in the cells) with nitrogen metabolism.
At this point, it is clear that the cpld38 lesion causes a significant reduction in the level of the cytochrome b 6 f complex in the thylakoid membranes, a decline in the stability of the complex, a loss of functionality of the complex that is present, and unexpectedly, also impacts expression of nuclear genes encoding the subunits of the complex. The lesion also appears to result in an overall decline in the level of all complexes associated with photosynthetic electron transport. Furthermore, there is a corresponding increase in the rate of chlororespiration and the proteins that participate in that process. Elucidation of the precise biochemical function of CPLD38 will surely expand our understanding of factors that regulate both the level and activity of complexes of the photosynthetic apparatus, but it will also provide new insights into the role of chlororespiration in chloroplast metabolism.
